OBJECTIVE -High serum uric acid levels lead to gout and have been reported to be associated with an increased risk of hypertension, obesity, metabolic syndrome, type 2 diabetes, and cardiovascular disease. Recently, the putative fructose transporter SLC2A9 was reported to influence uric acid levels. The aim of the present study was to examine the association of four single nucleotide polymorphisms within this gene with uric acid levels and to determine whether this association is modified by obesity.
I
n humans, uric acid is the end product of purine metabolism, and hyperuricemia might be caused by an overproduction of or by disturbances in the elimination of uric acid. Although some experimental evidence supports the idea of a beneficial role of uric acid because of its strong antioxidative properties (1), a number of epidemiological studies reported an association between high uric acid levels and cardiovascular disease, hypertension, kidney disease, metabolic syndrome, and even total mortality (2, 3) . Uric acid levels are, furthermore, positively associated with serum glucose in healthy subjects (4) , and subjects with higher uric acid levels have a higher risk of developing type 2 diabetes or metabolic syndrome (5) . However, the mechanisms underlying this association are still unclear.
The regulation of uric acid levels is under strong genetic control, with heritability estimates ranging from 25 to70% (6, 7) . The elucidation of the genetic contributors to uric acid levels as an intermediate phenotype for various diseases might shed some light on the pathogenesis of these complex phenotypes and might help identify new targets for treating undesirably high uric acid levels.
Recent genome-wide association studies identified a strong association of uric acid levels with genetic variants within SLC2A9 (8 -11) , a gene located in the chromosomal region 4p16.1 encoding a putative fructose transporter. There is strong evidence from both animal models and human studies supporting fructose as a highly lipogenic nutrient that contributes to tissue insulin insensitivity, metabolic disturbances, and the development of a prediabetic state when consumed in high quantities (12) .
In the present study we aimed to replicate the recently discovered association between genetic variation within the SLC2A9 gene and uric acid concentrations in the population-based Bruneck Study. This analysis was extended by a large case-control study of severely obese individuals from Utah who showed increased uric acid levels compared with those in control subjects to explore whether the genetic association is modified by obesity.
RESEARCH DESIGN AND METHODS

Bruneck Study
The Bruneck Study is a prospective population-based survey designed to investigate the epidemiology and pathogenesis of atherosclerosis (13) . Briefly, the study population was recruited as a sex-and age-stratified random sample of all inhabitants of Bruneck, Italy (125 women and 125 men in each decade of age from the fifth to the eighth, n ϭ 1,000). At the 1990 baseline, 93.6% of recruited subjects participated, with data assessment completed in 919 subjects. Follow-up examinations were performed in 1995, 2000, and 2005. Detailed information on prevalent and incident metabolic syndrome components, diabetes, and cardiovascular events is available from all examinations. The present analysis focuses on the 1995 reexamination and on the follow-up period for clinical events between 1995 and 2005. In 1995, the study population consisted of 826 subjects (96.5% of those alive). Sufficient DNA was available for 800 participants.
Obesity case-control study from Utah The study included 1,869 individuals from two groups of subjects gathered in the state of Utah. The study population was composed of 1,038 subjects recruited for severe obesity ("severe obesity group" with a BMI between 33 and 92 kg/m 2 ) and a general population sample of 831 individuals of the same ethnicity ("control subjects"). The two groups of subjects were described in detail elsewhere (14) . In brief, the 1,038 subjects with severe obesity were either seeking gastric bypass surgery or were randomly chosen from a population-based sample of severely obese participants. The examination of patients undergoing gastric bypass surgery was done before the intervention. The control group consisted of 831 individuals from the same geographical region and was found to be representative of the Utah population, spanning the entire BMI range.
Metabolic syndrome and type 2 diabetes Prevalent type 2 diabetes was considered to be present if a prior physician diagnosis had been made, if the fasting blood glucose upon screening was Ն126 mg/dl, or if insulin-sensitizing agents or diabetes medications were being taken by the individual. Metabolic syndrome was defined according to the scientific statement from the American Heart Association and the National Heart, Lung, and Blood Institute (15) . The incidence of type 2 diabetes and metabolic syndrome was assessed in the Bruneck Study from the 1995 examination to the 2005 examination.
Laboratory methods
In both study populations, blood samples were collected after an overnight fasting period. Uric acid levels were measured using enzymatic-colorimetric methods (Bruneck Study: Merck, Vienna, Austria; Utah study: Roche, Indianapolis, IN) with intra-assay and interassay coefficients of variation Ͻ2%. Other clinical chemical parameters were measured as described recently (14) .
Four single nucleotide polymorphisms (SNPs) with genome-wide P values Ͻ10 Ϫ7 in the data from Li et al. (8) and Dö ring et al. (10) were selected for genotyping using a 5Ј nuclease allelic discrimination (TaqMan) assay (Applied Biosystems, Foster City, CA): rs6855911, rs7442295, rs6449213, and rs12510549. Genotyping was done within the Genotyping Unit of the Gene Discovery Core Facility at Innsbruck Medical University (Innsbruck, Austria).
Statistical and bioinformatic analysis
To compare characteristics between individual groups, we applied t tests, Wilcoxon tests, and Pearson 2 tests. Spearman correlation coefficients were used to describe the correlation between uric acid levels and components of the metabolic syndrome. A 2 test for violation of the Hardy-Weinberg equilibrium was performed. General linear regression models were used to estimate the association of any of the four SNPs with uric acid levels adjusted for various covariates, assuming an additive model. The additive model was applied because of a priori evidence from previous studies in various populations (8, 10, 11) and from the inspection of the genotype-specific means of uric acid levels. Interactions between the SNPs investigated and BMI on uric acid levels were tested by adding an interaction term (SNP ϫ BMI) and the main covariates (sex, SNP, and BMI) to the model. The effect modification was graphically illustrated for three BMI classes (Ͻ30, 30 -40, and Ͼ40 kg/m 2 ) and the three genotype levels using interaction plots applying PROC GENMOD. All statistical analyses were performed with SPSS (version 15.0; SPSS, Chicago, IL) or SAS (version 9.1; SAS Institute, Cary, NC).
Because all polymorphisms that we investigated were located in noncoding regions, their possible effect on transcription factor binding sites was evaluated in silico using different components of the Genomatix Software Suite (Genomatix, Munich, Germany). Analyses included a search for the presence of known functional genetic elements (e.g., promoter sequences or microRNAs) using Eldorado (release 4.5), a search for unknown promoter-specific sequences using Promoter Inspector (release 4.6), and an investigation of possible effects of the polymorphisms on single transcription factor binding sites using SNPInspector (release 4.6).
RESULTS -Baseline clinical characteristics and laboratory data of the study groups from Bruneck and Utah are reported in Table 1 . Analysis of the Utah group was also stratified by case-control status (severe obesity versus control).
All four SNPs were found to be in Hardy-Weinberg equilibrium in all groups analyzed (P Ͼ 0.1), and the genotyping efficiency ranged between 97 and 98.5%. We observed no difference in genotype frequencies between the Bruneck and Utah groups (P Ͼ 0.1).
Association of genetic variation within SLC2A9 and uric acid levels Age-and sex-adjusted linear regression models revealed a strong and highly significant association of each of the four SNPs with uric acid levels ( Table 2 ) in all study groups, which was strongest in the population-based Bruneck Study. This association can clearly be described by an additive model: each copy of the minor allele lowered uric acid levels by 0.30 -0.35 mg/dl on average, representing a relative decrease of 5-6%, with P values ranging from 10 Ϫ9 to 10 Ϫ11 in the combined analysis.
Sex-specific associations between SLC2A9 and uric acid levels A sex-stratified analysis revealed much stronger associations between the four SNPs and uric acid levels in women than in men (Table 2 ). This observation was most pronounced in the populationbased Bruneck Study, in which the effect estimates for each minor allele were up to twice as high in women than in men. Considering the fact that women have on average 20% lower uric acid levels than men, the effect differences get even more meaningful.
Interaction with BMI
The associations of the four SNPs with uric acid levels became stronger after additional adjustments for BMI, creatinine, gout medication, and alcohol intake, with P values ranging from 10 Ϫ14 to 10 Ϫ20 (Table 2) . BMI was the variable that most contributed to the change in P values.
Thus, we investigated whether BMI was an effect modifier of the SNP-uric acid association by introducing an interaction term BMI ϫ SNP in addition to BMI and SNP to the model. This analysis was done by combining all three groups, but with adjustments for age, sex, and population (Bruneck versus Utah). The interaction was significant for three of the four SNPs (P ϭ 0.023-0.035) and borderline significant for rs12510549 (P ϭ 0.053). Association with metabolic syndrome and type 2 diabetes We observed significant correlations between uric acid levels and each singular metabolic syndrome component, as well as with the sum of the components (Table  3) . These correlations were seen in all three groups of subjects. Age-and sexadjusted uric acid levels were significantly higher in subjects with metabolic syndrome compared with those without. With the exception of the severe obesity group, uric acid levels were also significantly higher in subjects with type 2 diabetes compared with those without (Table 3) . Uric acid levels were significantly associated with the development of either metabolic syndrome and/or type 2 diabetes in the Bruneck Study from the 1995 examination to the 2005 examination. However, no association between the four SNPs and prevalent or incident metabolic syndrome or type 2 diabetes could be established.
Bioinformatics
Putative transcription factor binding sites were predicted for three of the four polymorphisms (five for rs12510549, two for rs6449213, and one for rs7442295), although no biologically obvious candidates could be found. The predicted candidates belonged mainly to pathways not directly connected with the phenotypes investigated, such as cellular growth (E2F) or immune response (PAX5, BCL6, NFAT, and NR2F) (data not shown).
For the polymorphism rs12510549, the generation or disruption of five different putative binding sites was predicted. Among these, a putative binding site for NFAT factors was recognized. NFAT factors have been implicated in various roles during development and adaptation of Data are means Ϯ SD or n (%) unless otherwise indicated. *P Ͻ 0.001; †P Ͻ 0.05 for comparison between severely obese subjects and control subjects from Utah. ‡Definition according to the scientific statement from the American Heart Association and the National Heart, Lung, and Blood Institute. Three of the following five parameters had to be present: elevated waist circumference (Ն102 cm in men and Ն88 cm in women); elevated triglycerides (Ն150 mg/dl ͓1.7 mmol/l͔) or receiving drug treatment for elevated triglycerides; reduced HDL cholesterol (Ͻ40 mg/dl ͓1.03 mmol/l͔ in men and Ͻ50 mg/dl ͓1.3 mmol/l͔ in women) or receiving drug treatment for reduced HDL cholesterol; hypertension (Ն130 mmHg systolic blood pressure or Ն85 mmHg diastolic blood pressure) or receiving antihypertensive drug treatment in a patient with a history of hypertension; or elevated fasting glucose (Ն100 mg/dl) or receiving drug treatment for elevated glucose. §Metabolic factors: average number of factors considered in the definition of metabolic syndrome (see preceding footnote), measured as median (interquartile range). MAF, minor allele frequency.
several mammalian cell types outside the immune system (16).
CONCLUSIONS -We observed a strong sex-specific association between genetic variation within the SLC2A9 gene and uric acid concentrations. The finding was most pronounced in the populationbased Bruneck Study and was replicated in severely obese and control individuals from Utah. This association was modified by BMI such that increasing BMI amplified effects of genetic variants on uric acid levels. SLC2A9 was recently identified by four independent genome-wide association studies to be strongly associated with uric acid levels (8 -11) . SLC2A9 encodes a putative hexose transporter whose probable substrate is fructose (17) . Fructose intake has been described as an important contributor to uric acid levels and gout (18, 19) , as the ADP generated during the phosphorylation of fructose is used for rapid production of uric acid (20) . Epidemiological data showed that increased total fructose intake correlated with increasing incidence of obesity, metabolic syndrome (21) , and gout (19) . Over the past decades, a general increase in uric acid levels was observed, and it was hypothesized that fructose-induced hyperuricemia might be in part responsible for t h e r i s e i n m e t a b o l i c s y n d r o m e (12, 22, 23) . The detection of genes that determine uric acid levels by influencing fructose metabolism would therefore be of interest. The actual mechanism of how genetic variation within SLC2A9 modulates uric acid levels has not been fully elucidated. One possibility would be an influence on the hepatic uptake of fructose and production of uric acid. On the other hand, SLC2A9 variants were associated with low fractional excretion of uric acid in various population samples, and experiments in Xenopus laevis oocytes showed that SLC2A9 has not only fructose but also strong uric acid transport activity (11) .
It is important to note that we did not find an association between the genetic variants within the SLC2A9 gene and prevalent or incident metabolic syndrome or type 2 diabetes. This finding is intriguing given the pronounced association between the genetic variants and uric acid levels and the strong association of uric acid levels and these diseases in our study and in earlier studies. This may by explained, on the one hand, by lack of power: the variance in serum uric acid levels Data are means Ϯ SEM. *Adjusted for age, sex, BMI, creatinine, alcohol consumption, and gout medication. †Adjusted for age and sex. ‡Adjusted for age, BMI, creatinine, alcohol consumption, and gout medication. §Additionally adjusted for group status (severely obese versus control subjects). related to the genotypes investigated in population-based studies was about 1.2% in men and 6% in women (10) , and the fraction of these two diseases explained by uric acid levels was also small. On the other hand, the possibility that uric acid level is a surrogate marker of the disease without being in the causal pathway cannot be ruled out. However, recent studies in rats showed that fructose-induced metabolic syndrome is partially prevented by lowering uric acid levels and that the reduction in endothelial nitric oxide bioavailability caused by uric acid may be a mechanism for insulin resistance and hypertension (23) . A proof of a causal association of uric acid with disease end points might be possible by the application of a Mendelian randomization approach. However, this proof will probably require examination of several thousand individuals. Homozygotes of the wild type and of the rare allele differ in uric acid levels by 0.64 -0.81 mg/dl, which corresponds to 11-13% of the mean levels. Based on the findings in earlier studies, such a difference in uric acid levels would change the rate of cardiovascular events by 1%. A recent study with a systematic investigation of sex-specific differences of literature-reported genetic effects on various phenotypes documented that only one of 432 sex difference claims was consistently replicated in at least two other studies (24) . The association of genetic variants within SCL2A9 with uric acid levels clearly adds to this list, as much stronger associations were found in women than in men in five population samples in previous studies (10, 11) and in three population samples in this study. How obesity modulates the association between SLC2A9 variants and uric acid levels remains to be determined. It could be related to the higher fructose intake in obese subjects (22) and a different saturation capacity of fructose transport depending on the genotype.
In summary, our study shows a strong association of genetic variants within the SLC2A9 gene and uric acid levels that is modified by sex and BMI.
